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WHUPV RI FRVWV DQG WLPH WR UHDFK IXOO FDSDFLW\ XWLOL]DWLRQ WLPHWRYROXPH'XULQJ WKHSURGXFWLRQ UDPSXS WKH LQVWDELOLW\ RI WKH SURGXFWLRQ
V\VWHPDQG WKHTXDOLW\RIPDQXIDFWXUHGSURGXFWV DUH VLJQLILFDQWO\ LQIOXHQFHGE\ WKHPDQXIDFWXULQJ WHFKQRORJLHVGHSOR\HG)XUWKHUPRUH DQ
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WHFKQRORJLHVUHJDUGLQJWKHUDPSXSWDUJHWVLVVWLOOLQVXIILFLHQWO\FRQVLGHUHG7KHUHIRUHWKHDLPRIWKLVSDSHULVWKHGHYHORSPHQWRIDQHZUDPS
XSPRGHOWKDWHQDEOHVDSUHGLFWLRQRIWKHUDPSXSEHKDYLRURIPDQXIDFWXULQJWHFKQRORJLHVDQGDVHOHFWLRQRIWKHPRVWVXLWDEOHRQHDFFRUGLQJWR
WKHJLYHQUDPSXSVLWXDWLRQ)LUVWO\GLIIHUHQWDSSURDFKHVIURPWKHILHOGRIUDPSXSRSWLPL]DWLRQDQGPDQXIDFWXULQJWHFKQRORJ\HYDOXDWLRQDUH
GLVFXVVHGDQGWKHGHILFLWVDUHSRLQWHGRXW6HFRQGO\G\QDPLFLPSDFWIDFWRUVRQWKHUDPSXSSHUIRUPDQFHRIPDQXIDFWXULQJWHFKQRORJLHVDUH
V\VWHPDWLFDOO\LGHQWLILHG7KLUGO\WKHLPSDFWIDFWRUVDUHWUDQVIHUUHGLQWRDQHZDQDO\WLFDOPRGHOZKLFKDOVRFRQVLGHUVVWRFKDVWLFLQIOXHQFHVRQ
WKHUDPSXSEHKDYLRU)RXUWKO\WKHDQDO\WLFDOPRGHOLVLPSOHPHQWHGLQWRDK\EULGVLPXODWLRQPRGHOZKLFKLVEDVHGRQDFRPELQHGGLVFUHWH
HYHQW DQG FRQWLQXRXV IORZ VLPXODWLRQ 7KH UHVXOWLQJ VLPXODWLRQPRGHO FDQ EH XWLOL]HG IRU WKH FDOFXODWLRQ RI UDPSXS FXUYHV IRU GLIIHUHQW
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YDOLGDWHGZLWKDXVHFDVHIURPD*HUPDQDXWRPRWLYHPDQXIDFWXUHU
7KH$XWKRUV3XEOLVKHGE\(OVHYLHU%9
3HHUUHYLHZXQGHUUHVSRQVLELOLW\RIWKHVFLHQWLILFFRPPLWWHHRIWKHUG,QWHUQDWLRQDO&RQIHUHQFHRQ5DPSXS0DQDJHPHQW,&50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.H\ZRUGV5DPSXSWHFKQRORJ\SODQQLQJPDQXIDFWXULQJWHFKQRORJLHVK\EULGVLPXODWLRQ

 ,QWURGXFWLRQ
'XH WR WKH VKRUWHQLQJ RI SURGXFW OLIHF\FOHV DQG WKH
LQFUHDVLQJ UDQJH RI SURGXFWV LQ UHFHQW \HDUV WKH SURGXFWLRQ
UDPSXS EHFRPHV LQFUHDVLQJO\ PRUH UHOHYDQW IRU WKH
PDQXIDFWXULQJ LQGXVWU\ >±@ )XUWKHUPRUH WKH SURGXFWLRQ
UDPSXSLVRIKLJKLPSRUWDQFHWRWKHHFRQRPLFHIILFLHQF\RID
QHZ SURGXFW JHQHUDWLRQ >@ $ IDVW UDPSXS OHDGV WR
VLJQLILFDQW FRPSHWLWLYH DGYDQWDJHVZKHUHDV D UDPSXS GHOD\
FRPPRQO\UHVXOWVLQDORVVRILPDJHDQGFRQWUDFWXDOSHQDOWLHV
>@'HOD\VGXULQJWKHUDPSXSVWDJHDUHRIWHQDFRQVHTXHQFH
RI PDFKLQH WRRO EUHDNGRZQV DQG LQVXIILFLHQW SURFHVV
FDSDELOLWLHV RI WKH PDQXIDFWXULQJ WHFKQRORJLHV OHDGLQJ WR D
KLJKTXDQWLW\RIGHIHFWLYHSDUWV>@$OWKRXJKPDQXIDFWXULQJ
WHFKQRORJLHVDQGWKHLUUDPSXSSHUIRUPDQFHODUJHO\GHWHUPLQH
WKH VXFFHVV RI WKH UDPSXS SURFHVV WKH\ DUH QRW XVXDOO\
FRQVLGHUHGLQUDPSXSSODQQLQJ>@
7KHUHIRUHWKHDLPRIWKHSUHVHQWSDSHULVWKHGHYHORSPHQW
RIDQHZEDVLFPRGHOWKDWHQDEOHVDSUHGLFWLRQRIWKHUDPSXS
SHUIRUPDQFHRIGLIIHUHQWPDQXIDFWXULQJWHFKQRORJLHV,QRUGHU
WR VWUHVV WKH PRWLYDWLRQ IRU WKH PRGHO GHYHORSPHQW LQ WKH
VWDWHRIWKHDUWDSSURDFKHVIURPWKHILHOGRISURDFWLYHUDPSXS
PDQDJHPHQW DUH DQDO\]HG UHJDUGLQJ WKH FRQVLGHUDWLRQ RI
PDQXIDFWXULQJWHFKQRORJLHV$IWHUZDUGVWKHQHZEDVLFPRGHO
LV LQWURGXFHG DQG LPSOHPHQWHG DV D VRIWZDUH SURWRW\SH
)LQDOO\WKHPRGHOLVYDOLGDWHGE\PHDQVRIDXVHFDVHIURPD
*HUPDQDXWRPRWLYHPDQXIDFWXUHU

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 6WDWHRIWKHDUW
([LVWLQJDSSURDFKHVIURPWKHILHOGRIWHFKQRORJ\SODQQLQJ
DUH OLPLWHG WR WKH HYDOXDWLRQ DQG VHOHFWLRQ RIPDQXIDFWXULQJ
WHFKQRORJLHV DV ZHOO DV WR WKH GHVLJQ RI WHFKQRORJ\ FKDLQV
ZLWKRXW WDNLQJ WKH UDPSXS VWDJH LQWR DFFRXQW ([DPSOHV RI
WKHPHWKRGRORJLHV VXSSRUWLQJ WKH VHOHFWLRQRIPDQXIDFWXULQJ
WHFKQRORJLHV DQG WKH GHVLJQ RI WHFKQRORJ\ FKDLQV FDQ EH
IRXQG LQ WKH ZRUNV RI )DOOE|KPHU 7URPPHU 0OOHU DQG
6WDXGHU >@ )XUWKHUPRUH VHYHUDO VFLHQWLILF SXEOLFDWLRQV
H[LVWLQWKHILHOGRIUDPSXSPDQDJHPHQWZKLFKGHDOZLWKWKH
SURDFWLYHPRGHOLQJRIWKHUDPSXSRISURGXFWLRQV\VWHPV>
@ +RZHYHU QRQH RI WKHVH DSSURDFKHV WDNHV LQWR
DFFRXQW WKHFKDUDFWHULVWLFVRI WKHPDQXIDFWXULQJ WHFKQRORJLHV
ZLWKLQWKHSURGXFWLRQV\VWHPVDQGWKHLULPSDFWRQWKHVXFFHVV
RI WKH UDPSXS VWDJH $V RI DXWKRUV NQRZOHGJH RQO\ 1DX
DGGUHVVHG WKLV WRSLF LQ KLV GLVVHUWDWLRQ >@ +RZHYHU KLV
DSSURDFK LV OLPLWHG WRDYDULDWLRQRISURFHVVSDUDPHWHUVRID
VLQJOHPDQXIDFWXULQJ WHFKQRORJ\)XUWKHUPRUH WKH LPSDFWRI
WKHPDQXIDFWXULQJWHFKQRORJ\RQWKHRXWSXWGXULQJWKHUDPS
XSVWDJHLVPRGHOHGZLWKRXWWDNLQJRWKHUFKDUDFWHULVWLFVRIWKH
WHFKQRORJ\ LQWR DFFRXQW OLNH WRRO ZHDU DQG PDFKLQH WRRO
EUHDNGRZQV >@ +HQFH WKHUH H[LVWV QR JHQHULF PRGHO WR
SUHGLFW WKH UDPSXS FXUYH RI PDQXIDFWXULQJ WHFKQRORJLHV
6XFK D PRGHO LV QHFHVVDU\ WR LPSURYH WKH DFFXUDF\ RI WKH
SURDFWLYHUDPSXSPRGHOLQJDQG WRHQDEOHDQHYDOXDWLRQDQG
VHOHFWLRQRIPDQXIDFWXULQJ WHFKQRORJLHVFRQVLGHULQJQRWRQO\
WKHVWDJHRIVHULHVSURGXFWLRQ
 5HVHDUFKREMHFWLYHDQGSURFHGXUH
7KHUHVHDUFKREMHFWLYHRIWKHSUHVHQWSDSHULVDQHZEDVLF
PRGHO WR SUHGLFW WKH UDPSXS SHUIRUPDQFH RIPDQXIDFWXULQJ
WHFKQRORJLHV'XH WR WKH KLJK QXPEHU RI LQIOXHQFLQJ IDFWRUV
DQGLQWHUDFWLRQVEHWZHHQWKHVHIDFWRUVDQLPSOHPHQWDWLRQLQWR
D VRIWZDUH SURWRW\SH LV LQGLVSHQVDEOH7KH SURFHGXUH IRU WKH
PRGHO GHYHORSPHQW IROORZV WKH 9',  VWDQGDUG VHH
)LJ ZKLFK SURYLGHV D SURFHGXUH WR VHW XS UDPSXS
VLPXODWLRQV IRU PDQXIDFWXULQJ V\VWHPV DQG ZDV DOUHDG\
VXFFHVVIXOO\ DSSOLHG LQ WKH GLVVHUWDWLRQ RI /DQ]D IRU D
VLPXODWLRQEDVHGUDPSXSVXSSRUW>@

)LJ3URFHGXUHIRUWKHPRGHOGHYHORSPHQW>@
'XHWRWKHVWURQJLPSDFWRIWKHG\QDPLFLPSDFWIDFWRUVRQ
WKHPDQXIDFWXULQJV\VWHPEHKDYLRUGXULQJUDPSXSV WKHWZR
VWHSVDQGZHUHDGGHGVHH)LJ7KLVHQDEOHVDQ
DQDO\VLVDQGFRQVLGHUDWLRQRIG\QDPLFLPSDFW IDFWRUVDVZHOO
DVRIFDXVHHIIHFWUHODWLRQVKLSVEHWZHHQWKHP>@
 5DPSXSPRGHO
,Q WKH IROORZLQJ WKH QHZ UDPSXS PRGHO GHYHORSPHQW
DFFRUGLQJ WR WKH VWHSV LQ )LJ  LV GHVFULEHG 7KHUHE\ WKH
IRFXV RI WKH GHYHORSPHQW LV RQ WKH DQDO\VLV RI WKH V\VWHP
³PDQXIDFWXULQJ WHFKQRORJ\´ ZKLFK LV D VXEV\VWHP RI WKH
PDQXIDFWXULQJV\VWHP
 7DVNGHILQLWLRQ
)LUVWO\ WKH WDVN WR EH FDUULHG RXW E\ WKH UDPSXS PRGHO
PXVW EH GHILQHG 7KLV LQFOXGHV WKH GHILQLWLRQ RI D WDUJHW
V\VWHP WR HYDOXDWH GLIIHUHQW PDQXIDFWXULQJ WHFKQRORJLHV RU
PDQXIDFWXULQJ V\VWHPV 7KH WDVN LV WKH GHYHORSPHQW RI D
EDVLFPRGHOIRUDUDPSXSRULHQWHGWHFKQRORJ\SODQQLQJ7KH
PRGHO LVEDVHGRQDSURDFWLYH FDOFXODWLRQRI UDPSXSFXUYHV
RI PDQXIDFWXULQJ WHFKQRORJLHV )RU WKH HYDOXDWLRQ RI
PDQXIDFWXULQJWHFKQRORJLHVWKHWDUJHWV\VWHPE\.ORFNHHWDO
LV DSSOLHG >@ 7KH WDUJHW V\VWHP FRQVLGHUV WKH XQGHUO\LQJ
UDPSXS VLWXDWLRQ WKURXJK D QHZ SURFHGXUH IRU D UDPSXS
VSHFLILFZHLJKWLQJ RI WKH WDUJHW FULWHULD 7KH WDUJHWV WLPHWR
PDUNHW DQG WLPHWRYROXPH DUH WR EH GLUHFWO\ GHULYHG DV
UHVXOWVRIWKHUDPSXSPRGHO
 6\VWHPDQDO\VLV±'HILQLWLRQRIV\VWHPERUGHUV
)RU WKH GHILQLWLRQ RI WKH V\VWHP ERUGHUV WKH UHODWLRQV
EHWZHHQ WKH HOHPHQWV RI WKH VXSHURUGLQDWHG V\VWHP
³PDQXIDFWXULQJ V\VWHP´ PXVW EH GHWHUPLQHG VHH
$FFRUGLQJ WR :HVWNlPSHU DQG %XFKKRO] D PDQXIDFWXULQJ
V\VWHP LV D XQLW WKDW GLVSRVHV RI UHVRXUFHV PDQXIDFWXULQJ
WHFKQRORJLHVDQG WKHFRUUHVSRQGLQJPDFKLQH WRROVDVZHOO DV
PDQDJHPHQWIXQFWLRQVZKLFKDUHFDUULHGRXWE\DWHFKQRORJ\
SODQQHU>@6HYHUDODSSURDFKHVLQWKHFRQWH[WRIUDPSXS
PDQDJHPHQW XVH WKH FRQWURO ORRS DQDORJ\ WR GHVFULEH WKH
G\QDPLF DQG LQVWDEOH V\VWHP EHKDYLRU RI PDQXIDFWXULQJ
V\VWHPV GXULQJ UDPSXSV >@ )RU WKH QHZ UDPSXS
PRGHOWREHGHYHORSHGWKHFRQWUROORRSDQDORJ\DQGWKHEDVLF
SURGXFWLRQ V\VWHP PRGHO IURP WKH SURGXFWLRQ WKHRU\
DFFRUGLQJ WR'\FNKRIIZHUHDSSOLHG WRGHVFULEH WKH UHODWLRQV
EHWZHHQ WKH HOHPHQWV RI D PDQXIDFWXULQJ V\VWHP >@
7KHUHIRUH LQ WKH QHZ UDPSXS PRGHO D PDQXIDFWXULQJ
V\VWHP FRQVLVWV RI WKH IROORZLQJ HOHPHQWV PDQXIDFWXULQJ
WHFKQRORJ\LHV FRQWURO SURFHVV WKH WHFKQRORJ\ SODQQHU
FRQWUROOHU UDPSXS VFHQDULRV DFWXDWLQJ YDULDEOHV UDPS
XS FXUYHV IHHGEDFN GLVWXUEDQFHV IURP WKH HQYLURQPHQW
GLVWXUEDQFHYDULDEOHVDQG WKH WDUJHW V\VWHPWDUJHW ILJXUHV
FRPSDUH >@ 7KH PDQXIDFWXULQJ V\VWHP ZLWK WKH
VXERUGLQDWHG V\VWHP ³PDQXIDFWXULQJ WHFKQRORJ\LHV´ LV
GHSLFWHG LQ)LJ ,Q WKHXSSHUSDUWRI)LJ WKH WHFKQRORJ\
SODQQHU LV UHVSRQVLEOH IRU WKH VHOHFWLRQ RI PDQXIDFWXULQJ
WHFKQRORJ\LHVDQGFRUUHVSRQGLQJSURFHVVSDUDPHWHUV%DVHG
RQ WKLV UDPSXS VFHQDULRV DFWXDWLQJ YDULDEOHV DUH FUHDWHG
7DVNGHILQLWLRQ
6\VWHPDQDO\VLV
0RGHOIRUPDOL]DWLRQDQGLPSOHPHQWDWLRQ
([SHULPHQWV
'HILQLWLRQRIV\VWHPERUGHUV
'HWHUPLQDWLRQRIFRPSRVLWLRQVWUXFWXUH
'HWHUPLQDWLRQRIVHTXHQFHVWUXFWXUH
$QDO\VLVRIG\QDPLFLPSDFWV
'\QDPLFLPSDFWIDFWRUV
&DXVHHIIHFWUHODWLRQVKLSV
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ZKLFK DUH VLPXODWHG ZLWK WKH UDPSXS PRGHO IRU
PDQXIDFWXULQJ WHFKQRORJLHV WKDW DOVR FRQVLGHUV GLVWXUEDQFHV
IURPWKHHQYLURQPHQW7KHRXWSXWRIWKHPRGHOGHYHORSHGLQ
WKLV SDSHU DUH GLIIHUHQW UDPSXS FXUYHV ZKLFK DUH HYDOXDWHG
EDVHGRQWKHFDVHVSHFLILFWDUJHWV\VWHP>@$IWHUZDUGVWKH
EHVWWHFKQRORJ\LHVWRUHDFKWKHWDUJHWVRIWKHUDPSXSVWDJH
FDQ EH LGHQWLILHG 7KLV PXVW EH VHHQ DV DQ H[WHQVLRQ RI WKH
H[LVWLQJ DSSURDFKHV ZKLFK IRFXV RQ WKH HYDOXDWLRQ RI
PDQXIDFWXULQJ WHFKQRORJLHV LQ WKHVWDJHRIVHULHVSURGXFWLRQ
([DPSOHVIRUWKHVHDSSURDFKHVDUHWKHZRUNVRI7URPPHUDQG
0OOHU>@

)LJ5DPSXSFRQWUROORRSIRUPDQXIDFWXULQJV\VWHPV>@
 6\VWHPDQDO\VLV±'HWHUPLQDWLRQRIFRPSRVLWLRQVWUXFWXUH
$ VLPXODWLRQ EDVHG SUHGLFWLRQ RI UDPSXS FXUYHV RI
PDQXIDFWXULQJ WHFKQRORJLHV UHTXLUHV D PRGHOLQJ RI WKH
GLVFUHWHZRUNSLHFHIORZZKLFKLVWKHQH[WVWHSRIWKHV\VWHP
DQDO\VLV7KLVLVHVSHFLDOO\LPSRUWDQWLQFDVHRIPDQXIDFWXULQJ
V\VWHPV FRQVLVWLQJ RI PRUH WKDQ RQH PDQXIDFWXULQJ
WHFKQRORJ\ 7KH ZRUNSLHFH IORZ LQ WKH UDPSXS PRGHO
IROORZVWKHJHQHUDOPRGHOLQJFRQFHSWDFFRUGLQJWR9',
VHH)LJ
7KH FHQWUDO HOHPHQW LQ WKHZRUNSLHFH IORZPRGHO RI9',
 LV D XQLYHUVDO SURFHVVLQJ EXLOGLQJ EORFN  ZKLFK LV
UHSUHVHQWHG E\ RQH PDQXIDFWXULQJ WHFKQRORJ\ & LQ WKH
UDPSXSPRGHOVHH)LJ6RXUFHVDQGVLQNVDUH WKH
LQSXW $ DQG RXWSXW VWRUDJHV ( RI WKH PDQXIDFWXULQJ
WHFKQRORJ\LQWKHUDPSXSPRGHO%HWZHHQWKHPDQXIDFWXULQJ
WHFKQRORJ\DQG WKHVWRUDJHV WKHSURYLVLRQDQG WKH WUDQVIHURI
ZRUNSLHFHVPXVWEHPRGHOHGE\EXIIHUV%'ZKLFKGR
QRWEHORQJWRWKHPDQXIDFWXULQJWHFKQRORJ\DQGWKHUHIRUHDUH
QRW PRGHOHG LQ GHWDLO 7R OLQN WZR PDQXIDFWXULQJ
WHFKQRORJLHV WKHRXWSXWVWRUDJH(RIWKHILUVW WHFKQRORJ\LV
WKHFRUUHVSRQGLQJLQSXWVWRUDJH$RIWKHVHFRQGWHFKQRORJ\

)LJ&RPSRVLWLRQVWUXFWXUHRIDPDQXIDFWXULQJWHFKQRORJ\
 6\VWHPDQDO\VLV±$QDO\VLVRIG\QDPLFLPSDFWV
7KH DQDO\VLV RI WKH G\QDPLF LPSDFWV ZKLFK FDXVH WKH
G\QDPLF UDPSXS EHKDYLRU RI PDQXIDFWXULQJ WHFKQRORJLHV
07VZDVGLYLGHGLQWRWZRVWHSV,QWKHILUVWVWHSWKHLPSDFW
FDWHJRULHV ZHUH GHWHUPLQHG EDVHG RQ D OLWHUDWXUH VXUYH\
$IWHUZDUGV LPSDFW IDFWRUV ZLWKLQ WKHVH FDWHJRULHV ZHUH
V\VWHPDWLFDOO\ LGHQWLILHG)RU WKH V\VWHPDWLF LGHQWLILFDWLRQ RI
WKHLPSDFWIDFWRUV WKHFDXVHDQGHIIHFWGLDJUDPDFFRUGLQJ WR
,VKLNDZD ZDV XVHG >@ 7KH UHVXOWV RI WKH DQDO\VLV DUH
VXPPDUL]HGLQ)LJ

)LJ,PSDFWVRQWKHG\QDPLFVRIWKHUDPSXSFXUYHRI07V
,Q WKH UDPSXS VWDJH WKH PDLQ LPSDFW FDWHJRULHV RI WKH
PDQXIDFWXULQJWHFKQRORJLHV07VDUH³YDULDWLRQVLQTXDOLW\´
³GLVWXUEDQFHV´ ³DGMXVWPHQWV´ DQG ³SODQQLQJ XQFHUWDLQWLHV´
>@ )RU H[DPSOH LQ WKH LPSDFW FDWHJRU\
³YDULDWLRQV LQ TXDOLW\´ WKH ZRUNHU FDSDELOLW\ LV PRGHOHG E\
GLIIHUHQW OHDUQLQJ FXUYHV GHSHQGLQJ RQ WKH PDQXIDFWXULQJ
WHFKQRORJLHV GHSOR\HG DQG WKH NQRZOHGJH RI WKH ZRUNHU
FRQFHUQLQJWKLVWHFKQRORJ\
$FFRUGLQJWR5HQQHUDQG*ORFNPDFKLQHWRROEUHDNGRZQV
ZKLFKDUHDQLPSDFWIDFWRULQWKHFDWHJRU\³GLVWXUEDQFHV´DUH
RQH RI WKH PDMRU UHDVRQV IRU LPSHUIHFW SURGXFWLRQ GXULQJ
$OWHUQDWLYH
WHFKQRORJLHV
7HFKQRORJ\
VHOHFWLRQ
0DQXIDFWXULQJWHFKQRORJ\LHV
FRQWUROSURFHVV5DPSXSPRGHO
'LVWXUEDQFHVRIWKHHQYLURQPHQW
(disturbance variables)
5DPSXSVFHQDULRV
DFWXDWLQJYDULDEOHV
5DPSXSFXUYH
IHHGEDFN
0DQXIDFWXULQJV\VWHP
,QSXW 2XWSXW
7HFKQRORJ\SODQQHU
FRQWUROOHU
7DUJHWV\VWHP>@
WDUJHWILJXUHV
/HJHQG
6\VWHPERUGHUPDQXIDFWXULQJV\VWHP
6\VWHPERUGHUPDQXIDFWXULQJWHFKQRORJ\LHV
([RJHQRXVLQSXWVDQGV\VWHPRXWSXWV
/HJHQG
 5HTXLUHPHQWEXIIHU
 %XLOGLQJEORFN
 6RXUFH
 ,QYHQWRU\EXIIHU
 6LQN
% 5HTXLUHPHQWEXIIHU
& 0DQXIDFWXULQJWHFKQRORJ\
$ ,QSXWVWRUDJH
' ,QYHQWRU\EXIIHU
( 2XWSXWVWRUDJH
$ ' (&%
0RGHOOLQJZRUNSLHFHIORZ
  
*HQHUDOPRGHOLQJDFFRUGLQJWR9',
0RGHOLQJPDQXIDFWXULQJWHFKQRORJLHV
0%
9DULDWLRQVLQ
TXDOLW\
,0
'LVWXUEDQFHV
3ODQQLQJ
XQFHUWDLQW\
'\QDPLFV
RIWKH
UDPSXS
FXUYH
$GMXVWPHQWV
:&
0&
/HJHQG
,PSDFWFDWHJRULHV
,PSDFWIDFWRUV
:RUNHUFDSDELOLW\:&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UDPSXS >@ 7KHUHIRUH WKH LPSDFW IDFWRU PDFKLQH WRRO
EUHDNGRZQV0%LVGHVFULEHGLQGHWDLOWRSUHVHQWWKHFRQFHSW
RI WKH UDPSXS PRGHO 7KH LPSDFW0%LM LV GHILQHG DV WKH
SUHVHQWEUHDNGRZQUDWHRIWKHPDFKLQHWRROLGXHWRWHFKQLFDO
GLVWXUEDQFHV GXULQJ WKH PDQXIDFWXULQJ RI ZRUNSLHFH M 7KH
PDFKLQH WRRO LV GLYLGHG LQWR GLIIHUHQW PRGXOHV P ZKLFK
HQDEOHV D PRGHOLQJ RI WKH EUHDNGRZQ EHKDYLRU RI PDFKLQH
WRROV GXULQJ UDPSXS >@ )RU HYHU\ PRGXOH P RI WKH
PDFKLQH WRRO L WKH GRPLQDWLQJ EUHDNGRZQ UHDVRQ GXULQJ
UDPSXS KDV WR EH GHWHUPLQHG 7KH EUHDNGRZQ UDWH RI D
PRGXOH 0%LPM FDQ EH PRGHOHG E\ WZR GLIIHUHQW W\SHV RI
:HLEXOO GLVWULEXWLRQV )RU HDUO\ IDLOXUHV HJ VRIWZDUH
SUREOHPVRI WKHPDFKLQHFRQWURO WKHSUHVHQWEUHDNGRZQUDWH
GHSHQGVRQWKHWLPHWLMIURPWKHVWDUWRIWKHUDPSXSXQWLOWKH
SRLQW LQ WLPH ZKHQ WKH ZRUNSLHFH M LV PDQXIDFWXUHG RQ WKH
PDFKLQH WRRO L VHH HTXDWLRQ  7KH YDULDEOH ELP LV WKH
:HLEXOO SDUDPHWHU RI WKH PDFKLQH WRRO L DQG WKH PRGXOH P
DQGPXVWEHGHWHUPLQHGE\WKHWHFKQRORJ\SODQQHU)RUHDUO\
IDLOXUHV ELP PXVW EH VPDOOHU WKDQ RQH 7KH YDULDEOH 7LP LV
GHILQHG DV WKH FKDUDFWHULVWLF OLIHWLPH RI PRGXOH P RI WKH
PDFKLQH WRRO L ,Q FDVH RI IDLOXUHV FDXVHG E\ ZHDU RI WKH
PRGXOHPHJ D WRROEUHDNDJH WKHEUHDNGRZQUDWHGHSHQGV
RQ WKH FXPXODWHG SURGXFWLRQ WLPH FWKLP VLQFH WKH ODVW
EUHDNGRZQRIWKLVPRGXOHVHHHTXDWLRQ,QWKLVFDVHELP
PXVWEHODUJHUWKDQRQH>@

7KH0%LMKDVDGLUHFWLPSDFWRQWKHTXDOLW\UDWH45LMRI
WKHPDFKLQH WRRO L VHH)LJ 7KHTXDOLW\ UDWH LV GHILQHG DV
WKH UDWLR EHWZHHQ JRRG SDUWV ZKLFK IXOILOO WKH TXDOLW\
UHTXLUHPHQWV DQG DOO SDUWV SURGXFHG >@ 7KH ZRUNSLHFH M
ZKLFKLVPDQXIDFWXUHGDWWKHWLPHWKH0%RFFXUVLVPRGHOHG
DVDVFUDSSDUW63

)LJ0RGHOLQJPDFKLQHWRROEUHDNGRZQV0%
)XUWKHUPRUHD0%OHDGV WR LPSURYHPHQWPHDVXUHV,0V
FRQGXFWHG DW WKHPDFKLQH WRRO L DIWHU D0%KDV WDNHQSODFH
ZKLFKODVWIRUWKHPDFKLQHWRROEUHDNGRZQWLPH¨70%LP7KH
YDULDEOH¨7LP LV WKH DYHUDJH WLPH WR UHSDLU WKHPRGXOHPRI
WKHPDFKLQH WRRO L7KLVYDULDEOH LV DOVR DQ LQSXWYDULDEOHRI
WKHPDFKLQHWRROEUHDNGRZQVVXEPRGHODQGLVUHTXLUHGIRUWKH
PRGHO IRUPDOL]DWLRQ LQ FKDSWHU  $Q RYHUYLHZ RI WKH
PRGHOLQJRIPDFKLQHWRROEUHDNGRZQVLVJLYHQLQ)LJ7KH
RWKHU G\QDPLF LPSDFWV RQ WKH UDPSXS FXUYH DFFRUGLQJ WR
)LJ ZHUH PRGHOHG DV ZHOO KRZHYHU ZLOO EH SUHVHQWHG LQ
GHWDLO LQ D IXUWKHU SXEOLFDWLRQ GXH WR D OLPLWHG VFRSH RI WKLV
SDSHU
,QWKHVHFRQGVWHSWKHUHODWLRQVEHWZHHQWKHLPSDFWIDFWRUV
DQG RWKHU V\VWHP YDULDEOHV RI WKH UDPSXS PRGHO IRU
PDQXIDFWXULQJ WHFKQRORJLHV DUH GHGXFHG IURP WKH UHVXOWV RI
WKH PRGHOLQJ RI G\QDPLF LPSDFWV LQ WKH ILUVW VWHS 7KH
UHODWLRQV RQ WKH WRS OHYHO DUH GHSLFWHG LQ )LJ $V FDQ EH
VHHQ LQ )LJ WKH 0%V LQIOXHQFH WKH 45 DQG WKH
LPSURYHPHQWPHDVXUHV,0V
7KHGHILQLWLRQRI WKH ORJLFDO FRQGLWLRQVDQGGHFLVLRQUXOHV
LV SDUW RI WKH PRGHO IRUPDOL]DWLRQ LQ WKH QH[W FKDSWHU
)XUWKHUPRUHDOODFWXDWLQJYDULDEOHVDUHVHWE\WKHWHFKQRORJ\
SODQQHU FRPSDUH )LJ ,Q WKH QH[W FKDSWHU WKH GHYHORSHG
UDPSXSPRGHO IRUPDQXIDFWXULQJ WHFKQRORJLHV LV IRUPDOL]HG
DQGDIWHUZDUGVLPSOHPHQWHGLQ0DWODE

)LJ5HODWLRQVZLWKLQWKHUDPSXSPRGHORQWKHWRSOHYHO
 0RGHOIRUPDOL]DWLRQDQGLPSOHPHQWDWLRQ
,Q WKH IROORZLQJ WKHPRGHO IRUPDOL]DWLRQ LVFRQGXFWHGRQ
WKH H[DPSOH RI WKH DYDLODELOLW\ RI WKH PDFKLQH WRRO L 7KH
PDFKLQH WRRO L PXVW EH DYDLODEOH WR VWDUW WKH PDQXIDFWXULQJ
SURFHVV FRQGXFWHG E\ WKH PDFKLQH WRRO L DQG GHSHQGV RQ
PDFKLQH WRRO EUHDNGRZQV 0% DQG LPSURYHPHQW PHDVXUHV
,0)RUWKHPRGHOLQJRIWKHDYDLODELOLW\RIWKHPDFKLQHWRROL
DIORZFKDUWZDVGHYHORSHGZKLFKLVGHSLFWHGLQ)LJ
)LUVWO\DZRUNSLHFHMLVWDNHQIURPWKHLQSXWVWRUDJHWRWKH
UHTXLUHPHQWEXIIHU$IWHUZDUGV LW LV WHVWHG IRUHYHU\PRGXOH
PRIWKHPDFKLQHWRROLZKHWKHUWKHPDFKLQHWRROPRGXOHPLV
DYDLODEOHRUD0%KDVRFFXUUHG,QFDVHRID0%>WUXH@RIWKH


/HJHQG
0%LPW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0%LP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4XDOLW\UDWH45&4 &XPXODWHGTXDQWLW\
6FUDSSDUWV63*3 *RRGSDUWV
6\VWHPERUGHU
WP 0DQXIDFWXULQJWLPH
6XEPRGHO LQIOXHQFLQJ
IDFWRU
$X[LOLDU\YDULDEOH
2XWSXWYDULDEOH
'HSHQGHQF\GLUHFWLRQ
7HFKQRORJ\SODQQHUH[SHUWNQRZOHGJH
45
0% :&,0 0& WP
*3 63
&4
126   F. Klocke et al. /  Procedia CIRP  51 ( 2016 )  122 – 127 
PRGXOHPWKHIORZVWRSVIRUWKHWLPHWRUHSDLUWKHPRGXOHP
¨7LP DQG WKH ZRUNSLHFH M LV PRGHOHG DV D VFUDS SDUW
2WKHUZLVH >IDOVH@ LW LV WHVWHG LQ WKH QH[W GHFLVLRQ EORFN
ZKHWKHUDQLPSURYHPHQWPHDVXUHLVFDUULHGRXW,IQRW>IDOVH@
WKH SURGXFWLRQ SURFHVV FDQ VWDUW PDQXIDFWXULQJ 2WKHUZLVH
>WUXH@WKHZRUNSLHFHMKDVWRZDLWIRUWKHWLPH¨7,0LXQWLOWKH
LPSURYHPHQWPHDVXUHLVFRPSOHWHG

)LJ)ORZFKDUWPDFKLQHWRRODYDLODELOLW\
7KHODVWVWHSLVWKHLPSOHPHQWDWLRQRIWKHIRUPDOL]HGUDPS
XSPRGHO LQWR D VRIWZDUH SURWRW\SH ,Q WKH SUHVHQW FDVH WKH
PRGHO LV LPSOHPHQWHG LQ 0DWODE 6LPXOLQN 6LPXOLQN
DOORZV DQ LPSOHPHQWDWLRQ RI FRPSOH[ K\EULG VLPXODWLRQ
PRGHOV LQ D KLHUDUFKLFDO EORFN VWUXFWXUH ZLWK D JUDSKLFDO
LQWHUIDFH$K\EULGVLPXODWLRQDSSURDFKLVQHHGHGEHFDXVHWKH
PDWHULDO IORZ PXVW EH PRGHOHG  E\ D GLVFUHWH HYHQW
VLPXODWLRQ :KHUHDV WKH LQWHUDFWLRQV EHWZHHQ WKH G\QDPLF
LPSDFWVPXVWEHPRGHOHGZLWKDV\VWHPG\QDPLFVPRGHO7KH
GLVFUHWL]DWLRQ RI WKH G\QDPLF IORZV LV UHDOL]HG E\ 0RQWH
&DUOR6LPXODWLRQV ZLWKLQ WKH K\EULG VLPXODWLRQ PRGHO DQG
H[SODLQHG LQ WKH IROORZLQJ :LWKLQ WKH 0RQWH&DUOR
6LPXODWLRQ HTXDOO\GLVWULEXWHG SVHXGRUDQGRP QXPEHUV
EHWZHHQ ]HUR DQG RQH DUH JHQHUDWHG FRPSDUH )LJ  %\
FRPSDULQJ WKH SVHXGRUDQGRP QXPEHUV ZLWK WKH EUHDNGRZQ
SUREDELOLW\ :HLEXOO GLVWULEXWLRQ RI WKH PRGXOH P RI WKH
PDFKLQH WRRO L D GHFLVLRQ FRXOG EH PDGH ZKHWKHU D
EUHDNGRZQIRUZRUNSLHFHMRFFXUVRUQRW
 0RGHOYDOLGDWLRQ
)LQDOO\ WKHGHYHORSHG UDPSXSPRGHOZDV YDOLGDWHG7KH
VWXG\ DQDO\]HG WKH UDPSXS SHUIRUPDQFH RI WZR
PDQXIDFWXULQJ V\VWHPV IURP D *HUPDQ DXWRPRWLYH
PDQXIDFWXUHU7KHDFWXDOGDWDLVFRQILGHQWLDODQGFRXOGQRWEH
SUHVHQWHGZLWKLQWKLVSXEOLFDWLRQ)RUDQHZHQJLQHJHQHUDWLRQ
LW ZDV FRQVLGHUHG ZKHWKHU LW LV SRVVLEOH WR LQWHJUDWH D QHZ
PRUH SURGXFWLYH DQG OHVV H[SHQVLYH PDQXIDFWXULQJ
WHFKQRORJ\ IRU WKH FRDWLQJ SURFHVV RI WKH F\OLQGHU UXQQLQJ
VXUIDFHZLWKRXWPLVVLQJ WKH UDPSXS WDUJHW ³WLPHWRPDUNHW´
RIJRRGSDUWVSHUVKLIWDIWHUK

)LJ'LVFUHWL]DWLRQZLWK0RQWH&DUOR6LPXODWLRQ
7KHUHIRUHWKHUDPSXSFXUYHVRIWKHROGJDOYDQLFFRDWLQJ
DQG WKH QHZ PDQXIDFWXULQJ WHFKQRORJ\ +LJK9HORFLW\
2[\JHQ)XHO +92) ZHUH FDOFXODWHG ZLWK WKH GHYHORSHG
UDPSXSVLPXODWLRQPRGHODQGWKHUHVXOWVZHUHHYDOXDWHG7KH
JDOYDQLFFRDWLQJWHFKQRORJ\ZDVDQHVWDEOLVKHGSURFHVVLQWKH
FRPSDQ\ DQG KDG EHHQ DSSOLHG IRU WKH SUHYLRXV HQJLQH
JHQHUDWLRQ LQ WKH FRPSDQ\ 7KHUHIRUH WKH FDSDELOLW\ RI WKH
PDFKLQH WRRO 0& DQG WKH ZRUNHUV FDSDELOLW\ :& ZHUH
HVWLPDWHG E\ WHFKQRORJ\ H[SHUWV DV KLJK :KHUHDV WKH
OHDUQLQJUDWHVRI WKHZRUNHUDQGWKHLPSDFWVRILPSURYHPHQW
PHDVXUHVZHUHVHWDVORZ)RUWKHQHZWHFKQRORJ\ZKLFKZDV
QRWHVWDEOLVKHGLQWKHFRPSDQ\WKHPDFKLQHWRRODQGZRUNHUV
FDSDELOLW\ ZHUH ORZ FRPSDUHG WR WKH ROG WHFKQRORJ\
$GGLWLRQDOO\ WKHUHZDVD ODUJH LPSURYHPHQWSRWHQWLDORI WKH
QHZ WHFKQRORJ\ GXH WR OHDUQLQJ RI WKH ZRUNHUV DQG
LPSURYHPHQW PHDVXUHV RI WKH PDFKLQH WRRO )XUWKHUPRUH
PDFKLQHWRROEUHDNGRZQVZHUHPXFKPRUHOLNHO\IRUWKHQHZ
WHFKQRORJ\WKDQIRUWKHROGRQH$IWHUVHWWLQJDOOLQLWLDOYDOXHV
RI WKH VLPXODWLRQ PRGHO E\ WKH WHFKQRORJ\ SODQQHU WKH
VLPXODWLRQZDV H[HFXWHG LQ0DWODE7KH VLPXODWLRQ UHVXOWV
DUHVKRZQLQ)LJDQGDUHGLVFXVVHGLQWKHIROORZLQJ

)LJ6LPXODWLRQUHVXOWVRIWKHFDVHVWXG\
0DQXIDFWXULQJ
>IDOVH@
:RUNSLHFHMIURP
LQSXWVWRUDJHWR
UHTXLUHPHQWEXIIHU
0%" :DLWIRU¨7PL
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7KHUHVXOWVRIWKHVLPXODWLRQVKRZHGWKDWDWWKHEHJLQQLQJ
WKHQHZPDQXIDFWXULQJWHFKQRORJ\SURGXFHGVLJQLILFDQWO\OHVV
JRRG SDUWV WKDQ WKH ROG RQH ZKLFK ZDV LQ JRRG DFFRUGDQFH
ZLWK WKH REVHUYDWLRQV RI WKH UHDO PDQXIDFWXULQJ V\VWHPV
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